A very large number of investigations have been made of the relationship between the concentration of toxic substances in solution, and the extent of the toxicity produced at different concentrations. The problem has been studied from many viewpoints and the resultant mass of data has been well reviewed by Stiles (1924) and by Clark (1933) . The latter, in particular, pays much attention to the variety of mathematical formulae which have been developed to express the toxicity/concentration relationship of toxic solutes--e.g, those of Ostwald (1907 ), Chick (1908), Reichel (1909, Powers (1917 Powers ( , 1920 , Porodko (1926 ), Ponder (1932 ,--formulae developed as a result of work on plants and animals, living and dead. He comments particularly with regard to these expressions, that there has been virtually no attempt to explain their practical significance.
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It ~eems to the writer that since the same fundamental phenomenon is involved in all this work, i.e. the reaction of a toxic substance with a protoplasmic substrate, it would be advisable, where possible, to arrive at some systematic basis whereby the mathematical expressions involved could be used to obtain an understanding of the basic processes at work in any case of toxicity. If this aspect is neglected, the derivation of mathematical formulae can serve no useful purpose.
In the present contribution, it seems best to limit consideration of this aspect to the relationship Survival time/Concentration which has perhaps provided the most reliable previous data. Many cases of toxicity, involving study of this relationship, can be grouped according to the apparent (not necessarily the actual) number of variable factors controlling the dependence of the survival time t of an organism (or the toxicity as expressed by the reciprocal l/t) upon the concentration c of the toxic substance.
In general, uni-univalent electrolytes, non-toxic organic compounds which kill only inhypertonic solution, and many drugs, give simple survival time/concentration curves expressed by t = KcP where K and p are constants and the plot log t/log c gives a straight line. Where such a simple relation holds, the toxicity may be termed "simplex," since the survival time appears to depend 31
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solely and to a constant degree upon the apparently single variable factor, the concentration of toxic solute. Many substances do not give such a direct relationship between t and c over the whole concentration range and in such cases the plot log t/log c used extensively by Clark (1933) and by Gause (1933) appears to be of particular value. The latter author noted for Paramecium eaudatum in mercuric chloride solutions that the plot log t/log c was a curve consisting of two straight-line sections, each of different slope, merging at a particular concentration. Above this concentration the relation tic was expressed by the logarithmic equation logt =logK+plogc with particular values for K and p: and below it by a similar type of equation but with quite different values for the two constants.
Sziics (1912) noted a case where the toxicity of concentrated solutions was greater than that expected from the results with dilute solutions, and if the data given by Chick (1908) for the action of phenol on B. paratyphosus, by Carpenter (1927) for the killing of Leuciscus phoxinus by lead nitrate or mercuric chloride, or by Ing and Wright (1932) for the paralysis of frog's sartorius muscle by quaternary ammonium iodides, are replotted logarithmically, the plot log t/log c gives, in each case, a curve composed of two linear portions. In each case, the nature of the ratio t/c is similar for all concentrations, but the degree of the relationship differs in the two sections of the concentration range.
Where this occurs, if it be assumed that over one of the two sections of the concentration range t is dependent on only the one variable factor c, then the different degree of dependence of t upon c evident for the other section can be explained as due to the introduction of a second variable factor. Since the toxicity in such cases appears to depend on the existence of two independent variable factors, it is convenient to term the mechanism "duplex" to distinguish it from the "simplex" toxicity outlined above.
Many examples of toxicity do not fall into either of these categories, the log/log plot being non-linear. Although this is often due to the fact that the concentration ranges examined have been too limited to permit analysis of the results, such cases must be left outside the scope of this contribution. The subdivision used above is, of course, tentative, but it does enable such analysis of a large section of toxicity data as might, in many cases, aid in determining the number of variable factors controlling the toxicity. Such an estimate would appear to be essential to any investigation of the nature of those factors.
The writer 1 (1939) showed that the killing of Polycelis nigra by copper nitrate solutions was a case of what is here termed "duplex" toxicity, the relationship between t and c over a wide range of concentration being given by the expression t = KcP. For hypertonic solutions of copper nitrate K and p had each a certain x Paper I of this series.
constant value, and for hypotonic solutions the constants had quite different values, the degree of toxicity of hypertonic solutions being relatively much greater than that of hypotonic solutions. In consequence, the plot log t/log c was a duplex curve with two linear sections merging at a concentration approximating the isotonic point of normal tissue fluids. In concentrations above this point the organisms were observed to shrink and invaginate; in lower concentrations the epidermal cells cytolysed presumably as a result of water intake. The coincidence of this behaviour, resulting from osmotic water exchange, with the abrupt change in the degree of toxicity of the solutions, led to the suggestion that whereas the basic toxicity depended on the concentration of copper nitrate present, the relatively high toxicity of the hypertonic solutions might be due to the introduction of a second variable lethal factor, the osmotic withdrawal of water, which would be operative only in hypertonic solutions. It was indicated that this could be tested by investigating the toxicity of a range of copper nitrate solutions, the osmotic pressures of which were adjusted to a single constant value by the addition of inert solutes, thus eliminating the osmotic variable. The present contribution describes an investigation along these lines of the factors responsible for the duplex toxicity of copper nitrate solutions toward Polycelis nigra.
In the course of interpreting the results of this new investigation with added solutes, it was observed that the mixtures of copper nitrate plus added solutes displayed toxic effects greater than would be expected from consideration of their separate toxicities.
The phenomenon of antagonism, in which a mixture of two toxic solutes displays a much lower toxicity than would be anticipated from consideration of the separate toxicities of the components of the mixture, has received much attention and can be regarded as well authenticated. The opposite phenomenon of synergy, in which the combined toxicity of the two toxic solutes is markedly greater than would be expected, is also well known in the case of organic drugs and is of some importance in pharmaceutical practice. It seems, however, that it has been rarely observed for mixtures of metallic salts and, except for the cases described by Lipman (1909 ), Loeb (1916 ), Raber (1917 , and Osterhout (1922) , there is little evidence in the literature that the toxicity of a mixture of metallic salts can be greater than the sum of their combined toxicities. In fact, the extent of the literature on antagonism would suggest that the opposite is generally the case.
It is of interest, therefore, to record such a case of synergy as occurring in the copper nitrate + sodium chloride and also in the copper nitrate -{-glucose mixtures used in the present investigation.
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The technique used in this work for the standardisation of the organisms and observation of their behaviour and survival times in the toxic solutions was TOXICITY OP COPPER NITRATE SOLUTIONS. II described in detail in Paper I (White, 1939) . All experiments were carried out in duplicate with 100 ml. of solution at a temperature of 23°C. 4-1°C. Data regarding the osmotic pressures of the glucose solutions used were obtained from 
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International critical tables (1928 a). Similar data were calculated (using the equation PV = iRT) for sodium chloride solutions from the freezing point data given in International critical tables (1928 b) for such solutions, and for copper nitrate solutions from conductivity data available in the same source (1928 c).
The survival times of Polycelis nigra in copper nitrate solutions of concentrations 0.0001 N to 0.5 ~ were then reinvestigated, the results confirming the findings reported in Paper I. Table I details the concentrations investigated, their osmotic pressures, and the survival times of the organisms at each concentration.
For comparative purposes the survival times of Polycdis in a range of sodium chloride and of glucose solutions of known osmotic pressures were also determined and the results, with the concentrations and osmotic pressures are listed in Table II Table I were then set up and the solutions of each series adjusted to a constant osmotic pressure of approximately 14 atmospheres (that of 0.5 r¢ copper nitrate solution, the highest concentration used) by adding to one series the calculated amounts of glucose (Table III) , and to the other series the calculated amounts of sodium chloride (Table IV) , required to bring about the adjustment. The survival times of Polycdis in each series are given in the respective tables. It must be noted here that the mixed solutions were so made up as to contain a final concentration of each solute corresponding to that given in the tables, not by mixing solutions of those concentrations.
Finally, the effect of osmotic water intake was investigated by adjusting a series of hypotonic copper nitrate solutions of concentrations 0.0001 • to 0.10 to a constant osmotic pressure of approximately 3.2 atmospheres (slightly below isotonicity) by the addition of glucose. Table V gives details of these solutions and the corresponding survival times. In conformity with the findings in Paper I, in the experiments giving the data in Table I (i.e. where the normal osmotic pressure of the copper nitrate solution remained unaltered) cytolysis of the organisms occurred in all the hypotonic solutions. Similarly, in all the slightly hypotonic solutions listed in Table V, a sparse cytolysis was observed. In contrast to this, no cytolysis occurred in the glucose or sodium chloride solutions, nor in those copper nitrate solutions the osmotic pressure of which had been brought up to 14 atmospheres by the addition of glucose or of sodium chloride. The invagination previously observed only in the hypertonic solutions of copper nitrate now characterised all the solutions listed in Tables III and IV , and can therefore be due only to osmotic withdrawal of water. The conclusion that cytolysis results from water intake in hypotonic solutions thus appears to be justified.
The fact that the organism undergoes osmotic water exchange in the toxic solutions having thus become evident, it remains to consider the significance of the data accumulated in these experiments, a task which is most easily carried out by discussing the curves obtained.
DISCUSSION
From Table II , giving details of the survival times of Polycelis in solutions of glucose of concentrations 0.2 M to 2.0 ~, and of sodium chloride of concentrations 0.2 ~ to 2.0 ~, it is clear that similar concentrations of glucose and of sodium chloride do not show comparable toxicities, the values for sodium chloride being much higher than those for glucose. The resemblance of the survival times for the two solutes is closer however (although by no means complete) if solutions of comparable osmotic pressures are compared. Since, for each solute, concentrations below 0.2 ~ were non-lethal, it seems logical to conclude that the toxicity of these solutions is due mainly to their osmotic withdrawal of water from the organisms. Jones (1937) also concluded that the lethal effect of sodium chloride to Polycelis "is primarily due to withdrawal of water from the body."
In Fig. 1 , where the logariti~ms of the survival times are plotted against the logarithms of the concentrations of each of the toxic solutions and mixtures used, it can be seen that the logarithmic curves for both glucose and sodium chloride are linear. In each case, over the whole concentration range, the survival time bears to the concentration a constant relationship given by the expression t ---KcP. Both glucose and sodium chloride exhibit a simplex toxicity, the same fundamental toxic process being operative over the whole lethal concentration range, a fact which is in keeping with the earlier assumption that the lethal effect of both solutes is almost purely osmotic. This generalisation is but little affected by the fact, evident from Table II , that sodium chloride solutions although killing mainly in virtue of their osmotic effect are somewhat more toxic than glucose solutions of comparable osmotic pressures.
Comparison of Tables I and V shows further, that the adjustment of hypotonic copper nitrate solutions to approximate isotonicity by the addition of glucose caused no change in the toxicity of these solutions as compared with their normal toxicity. It is clear from this that the osmotic water intake which
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characterises these hypotonic solutions does not, therefore, change their lethal effect which must be due solely to the presence of the copper salt. The plot log t/log c in copper nitrate solutions given in Fig. 1 agrees with that in Paper I in being duplex, with two linear sections merging at the concentration 0.11 N. Evidently, if the factor responsible for the relatively high toxicity of the hypertonic solutions were to be eliminated, or alternatively controlled by maintaining its effect at a constant level in each concentration, this logarithmic survival curve would become simplex in character; i.e., it would be a straight 2.5~-.., Coppe~ nitt, ctt. line with a constant relationship between the survival time and the concentration for each concentration, as in the case of glucose and sodium chloride.
The remaining curves in Fig. 1 depict logarithmically the relationship t/c in copper nitrate solutions of the same concentration range as that already discussed but with the osmotic pressures controlled at a constant value as described previously--in the one case by glucose, in the other by sodium chloride. It is immediately clear that control of the osmotic factor has not eliminated the duplex nature of the toxicity, for each of these curves is again composed of two sections. From this result it is quite evident that whereas hypertonic copper nitrate solutions are more toxic than would be expected from consideration of the toxicity of hypotonic solutions, this greater degree of toxicity cannot be due to the osmotic withdrawal of water which characterises these solutions.
This conclusion is borne out by the fact that the order of toxicity due to osmosis (as instanced in Table II) is far too small to account for the great increase of toxicity displayed by the hypertonic copper nitrate solutions. This latter is important in that it rules out any possibility that the present findings might be invalidated by the fact that mixtures of solutes do not always display a total osmotic effect equivalent to the sum of their separate effects.
Since it has already been shown that the osmotic water intake found in the hypotonic solutions does not affect the survival times it must be concluded that osmosis is not an important factor in the duplex toxicity of copper nitrate solutions, despite the fact that the change in the degree of toxicity corresponds closely with the change from hypotonic to hypertonic solutions.
It was shown earlier that duplex toxicity is by no means confined to the present case and it still remains to explain why, in many cases, the toxicity of solutions of high concentrations is relatively much greater than would be expected from data applying to solutions of low concentrations. The present work does no more than prove that the change of toxicity in the case of copper nitrate is not due to any osmotic effect and, in fact, analysis of the data of other workers shows that the change of toxicity need not coincide with the isotonic point 6f the toxic solutions.
It is possible that the explanation of the phenomenon lies in the field of protein chemistry rather than in that of the physical chemistry of solutions, and it would certainly be helpful if more data were available concerning the extent of absorption of cations and anions by living organisms from high and low concentrations of toxic salts. The literature, however, appears to contain nothing that can be directly applied to the present problem, and the scarcity of quantitative data along these lines makes speculation useless. It can only be emphasised that the factors responsible for duplex toxicity must be identified before any approach to an understanding of their working can be even moderately successful.
Quite apart from this problem, it remains to discuss the synergy mentioned in the introductory section as having been observed in the course of the investigation discussed above. In the course of interpreting the results of the work already detailed, it was felt desirable to compare the observed toxicities of the mixtures used with their expected toxicities, as calculated from the observed toxicity data for each of the solutes.
Addition of the observed toxicity (i.e. the reciprocal l/t) of any particular concentration of copper nitrate to the toxicity of the sodium chloride (or glucose) concentration used to bring the osmotic pressure of the mixture to the standard value of 14 atmospheres, gave the expected toxicity of that particular mixture. This was done for all the copper nitrate + sodium chloride and copper nitrate + glucose mixtures used in the above work. In support of the general conclusions already outlined, it may be stated that curves plotted from these calculated data are duplex in type, conforming with the general features of the curves based on the observed results.
Here, however, the similarity ends. Comparison of the expected toxicities of the mixtures with the observed values showed that, in general, the mixtures were far more toxic than would be expected from consideration of the separate toxicities of the components. This is shown by Table VI where it may be seen that the observed toxicity of a mixture m a y be as much as twelve times its expected value.
In both series of mixtures, at each extreme of the copper nitrate concentration range, where the toxic effect of one solute is small relative to that Of the other, the divergence of the observed from the expected toxicity is negligible. Where, however, the concentrations are such that both components of the mixtures are exerting a more equal toxic effect, the ratio of the observed to the expected toxicity is much greater than unity. The degree of divergence is so marked as to be well beyond the limit of experimental error, and the only possible explanation is that the mixtures display a marked degree of synergy. It would be of little advantage at this stage to attempt to discuss the basis of this synergic effectwthe phenomenon is not one which the original experiments were designed to bring to light and clearly, further work is called for along this line. Modern theories of the behaviour of electrolytes in solution provide for anomalous behaviour in the case of strong solutions or mixtures of electrolytes and electrolyte + non-electrolyte mixtures, but the order of such anomalies is in no way comparable with the twelvefold increase of toxicity ob-served for one of the mixtures used in this work. The present contribution must content itself with recording this case of synergy and must leave the question of explanation until it can be accompanied by further data.
S~ARY
The estimation of the number of variables operating in cases of toxic action toward living organisms is discussed. The toxicity of glucose, sodium chloride, and copper nitrate solutions to Polycelis nigra has been investigated and also that of copper nitrate solutions whose osmotic pressure was adjusted to a constant level by the addition of glucose or of sodium chloride.
It is shown that hypertonic solutions of copper nitrate are abnormally toxic but that the osmotic variable is not the factor responsible for this abnormally high toxicity. The lack of data which might elucidate such problems is indicated.
During the course of this work it was observed that mixed solutions of copper nitrate + sodium chloride and copper nitrate + glucose exhibit toxicities greater than those expected from consideration of the separate toxicities of the components of the mixtures.
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